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Abstract: Iron powder, Kaolin powder and CuSO4·5H2O were employed as the main materials
for the pilot-scale production of Fe/Cu catalytic- ceramic-filler (CCF) by way of wet type
replacement-thermo-solidification. The physical properties, half-life, microstructure, removal
rate of nitrobenzene compounds and the biodegradability-improvement of military chemical
factory comprehensive wastewater were tested in comparison with commercial Fe/C ceramic-filler
(CF). Catalytic micro-electrolysis bed reactors (CBRs) designed as pretreatment process and BAFs
(Biological Aerated Filters) were utilized in a 90 days field pilot-scale test at last. The results showed
the characteristics of optimum CCF were: 1150 kg/m3 of bulk density, 1700 kg/m3 of grain density,
lower than 3.5% of shrinking ratio, 3.5% of 24 h water absorption, 6.0 Mpa of numerical tube
pressure, 0.99 acid-resistance softening co-efficiency and 893.55 days of half-life. 25% addition of
Fe with 1% of copper plating rate was efficient for the removal of nitrobenzene compounds and
significant in promoting the biodegradability of military chemical factory comprehensive wastewater.
The two-stage design of CBRs and BAFs showed high dependability and stability for the practical
engineering application.

Keywords: Fe/Cu catalytic-ceramic-filler; nitrobenzene compounds wastewater; pilot-scale test;
biodegradability-improvement

1. Introduction

As the chemical industry developed rapidly in China, the consumption of nitrobenzene
compounds which was widely utilized as the raw materials especially in pharmaceutical, perfume,
military and dye industries dramatically increased. As a result, the discharge amount of refractory
wastewater which abounds of nitrobenzene compounds grows sharply as well [1–3]. Nitrobenzene
compounds wastewater can make great damage to the environment [4] which is stable and hard to be
decomposed under national conditions. The toxicity of the nitrobenzene compounds in wastewater
lower down the biodegradability, and harmful to the survival of creatures or microorganism.
For example, as shown by [5–7], fishes will die when the concentration of trinitrotoluene is higher
than 1 mg/L, and aerobic microbes in active sludge will be inhibited when the concentration of
tri-nitrobenzene compounds over 5–10 mg/L.

Biological methods are widely used in wastewater treatment which cost less than the other
treatments [8]. But biological treatment is not suitable for nitrobenzene compounds wastewater
degradation (BOD5/CODcr = 0.09–0.2). In order to improve the biodegradability (BOD/CODcr ratio),
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a large amount of glucose and methanol must be added into the wastewater [9–11]. Other ways to
improve the biodegradability are mostly chemical oxidation method, such as Fenton, [12,13] ozone
oxidation [14–16] and supercritical water oxidation [17]. All the mentioned methods have common
disadvantages which with high operating cost and secondary pollutions [18] and diseconomy for the
practical engineering application.

Micro-electrolysis methods are proved to be efficient for certain nitrobenzene compounds
wastewater treatment [19–22]. Traditional Fe/C micro-electrolysis [23,24] are usually subject to
the short-circuiting and clogging [25,26] during the actual operation, resulting in passivation and
inefficiency. It is well known that Fe/Cu bimetal-system may accelerate the corrosion of iron, hence
improve the micro-electrolysis ability (could be called as catalytic micro-electrolysis) and improve
performance of the traditional Fe/C micro-electrolysis. Lab-scale Fe/Cu catalytic micro-electrolysis
material which was applied in the TNT (Trinitrotoluene) wastewater treatment in our previous
studies [27,28] were proved more effective than that of traditional Fe/C micro-electrolysis filler. But
the Fe/Cu catalytic micro-electrolysis filler was prepared regardless the cost and was lack of basic
properties test

As a follow-up, there were three the goals in this study: first, pilot-scale of Fe/Cu catalytic ceramic
filler of cost-effective and high-efficiency was produced; second, the basic properties for practical
engineering application of Fe/Cu catalytic ceramic filler compared with commercial Fe/C ceramic
filler was test; third, pilot-scale application in military chemical factory comprehensive wastewater
were performed and parameters for practical project design were verified.

2. Result and Discussion

2.1. Basic Properties of CCF

The basic properties such as bulk density, grain density, 24 h water absorption, shrinking ratio,
numerical tube pressure and acid-resistance softening co-efficiency were tested during the pilot-scale
production of CCF. And effect of additions of iron and copper plating rate of iron were shown in
Figures 1 and 2, respectively.

From Figures 1 and 2, as the addition of iron raised, the bulk density and grain density raised
as well (density of iron powder is much higher than Kaolin powder). The shrinking ratio increased
slowly (lower than 2%) before the addition of iron lower than 25%, but obviously increased when the
addition of iron become more than 25% (the copper plating rate affect the shrinking ratio seriously
as well). During the preparation of the raw material mixture, 1% of NaHCO3 was added as swelling
agent. NaHCO3 decomposes and releases CO2 and H2O at 600 ◦C, and the generated gases would be
captured by the melting Kaolin powder which prevented the shrink of raw pellets before the addition
of iron lower than 25%. As the addition of iron increased over than 30% (meanwhile the percentage of
Kaolin powder lower than 70%), the generated gases cannot be captured by the melting Kaolin powder
and released out of the pellets bodies, which leaded the seriously increase of shrinking ratio [29,30].
24 h water absorption decreased when the iron content increased. To sum up, high percentage of iron
affects the density, water absorption and shrinking ratio a lot.

As for the numerical tube pressure and the acid-resistance softening co-efficiency, all the
materials showed good performances than CF. The acid-resistance softening co-efficiency grown
rapidly when the percentage of iron increased (before 25%), after that, the pressure drops off.
This phenomenon occurred because of the high percentage of iron which can react with acid and release
hydrogen, [31] then the surface of the catalyst would be destroyed. According to the acid-resistance
softening co-efficiency, 25% of iron content was the best option for the preparation of CCF applied in
acidic environment.

Compared with CF (shown in Table 1) and CCF prepared at 25% of iron content, CF has lower bulk
density (1085 kg/m3 to 1150 kg/m3) and grain density (1548 kg/m3 to 1700 kg/m3) but higher 24 h
water absorption (3.8% to 3.5%), which contributed to the addition of carbon during the manufacture
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of CF. CCF has higher numerical tube pressure (6.0 Mpa) and the acid-resistance softening co-efficiency
(about 99%) than that of CF (4.2 Mpa, 92.5%), which indicated CCF showed better compression
performance and more suitable applied as filler in fixed bed reactor operated in acidic environment.Catalysts 2018, 8, x FOR PEER REVIEW  3 of 21 
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To verify the optimum copper plating rate, 5 species of CCF with 25% of iron content but different
copper plating rate were manufactured and 6 groups of sequence nitrobenzene compounds wastewater
treatment test was performed (No.1 group to No.5 group for CCFs and No.0 group for CF as control).

2.2. Result of the Sequence Wastewater Treatment Test

2.2.1. Effect of Iron Content and Copper Plating Rate for the Removal of TNCs

Normally and traditionally, ratios of BOD5 to CODcr (BOD5/CODcr or B/C) were employed as
the parameters for the evaluation of biodegradability in the practical engineering design, and the B/C
ratio of 0.3 was the basic requirement for the survival of biofilm attached to LCF (which applied as
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filler in BAFs). But in the practical project operation, B/C was restricted as the daily monitoring index
mainly related to the relatively long test time (5 days for the BOD5 at least).

The nitrobenzene compounds wastewater is not suitable for biological treatment because of
the bio-toxicity of nitrobenzene compounds which lower down the biodegradability. And as in this
study, the main substances reduced the biodegradability of wastewater were the mono-nitrobenzene,
di-nitrobenzene and tri-nitrobenzene compounds. As a result, the concentration of TNCs could
be considered as substitute parameter instead of B/C for the evaluation of biodegradability in
comprehensive nitrobenzene compounds wastewater treatment during the field pilot-scale test or
further applications.

Result of 6 groups of sequence wastewater treatment test performed at aerobic/anaerobic conditions
were shown in Figure 3A,B respectively.Catalysts 2018, 8, x FOR PEER REVIEW  5 of 21 
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As shown in Figure 3, all of the degradation procedure can be divided into three phases. Phase 1
fast degradation period (0–90 min), phase 2 slow degradation periods (90–180 min), phase 3 stable
degradation periods (180–240 min), and the TNCs could be degraded by CCF and CF, obviously. When
CCF and CF were settled under anaerobic condition and acid environment, Zero-valent iron would
release electron (e−aq) by electrical catalysis of copper/carbon, and the followed free radical reaction
would occur [32]:

Fe Cu / C→ Fe2+ + 2e−aq (1)

e−aq + H+ → H·or e−aq + H2O→ H·+ OH− (2)
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H·+ H2O→ H2 + OH (3)

The reducibility/oxidizability of H radical/OH would destroy the nitro and benzene ring of
nitrobenzene compounds [28].

When the 6 groups of sequence wastewater treatment test performed at aerobic conditions,
concentrations of TNCs in effluent dropped faster than at anaerobic conditions, which attributed
to the dissolved oxygen produced more oxidative radicals (such as ·O−2 ; OH·; HO−2 ; H2O2) and
enhanced the degradation of nitrobenzene compounds [22,24]. The pathway of related oxidative
radicals generated was shown as followed:

e−aq + O2 → ·O−2 ; (4)

e−aq + ·O−2 + H2O→ HO−2 + OH− (5)

H+ + HO−2 → H2O2 (6)

H2O2
Fe2+
→ OH·orH2O2 + e−aq → OH·+ OH− (7)

The core of the reaction (2)~(7) was the reaction rate of (1) and the amount of generated free
electrons. As it was shown in Figure 3, when the copper plating rate over 0.75%, the removal rate of
TNCs for CCF were higher than that for CF, which indicated a higher efficiency of copper promoted the
corrosion of iron than that of carbon, obviously. When the copper plating rate was 1.25% (No.5 group
CCF), the removal rate of TNCs was lower than that of 1.00% (No.4 group CCF). This phenomenon
occurred mainly attributed to the over coverage of copper which isolated the oxygen to iron [24].
However, this is the first study to examine the degradation of TNCs by Fe/Cu ceramic filler; it was not
possible to predict the behavior of those compounds in any detail. Addition studies will have to be
conducted to follow the destruction of individual nitrobenzene compounds and is was beyond the
scope of the present study.

As a result, 25% of the iron with 1.00% copper plating rate was optimum content for the preparation
of CCF, and aeration were benefit for the removal of TNCs.

2.2.2. Effect of CFF and CF for the Biodegradability of Wastewater

The concentrations test of CODcr, BOD5 and the TNCs in effluent for No.5 group (CCF with 25%
of iron content and 1.00% of copper plating rate) and No.0 group (CF) which both operated at aerobic
conditions (Figure 3A) were shown in Figure 4, and the corresponding biodegradability of the effluent
was calculated by BOD5/CODcr and shown as well.

In Figure 4, CODcr, and TNCs dropped, and BOD5 increased before 120 min then fall off.
The BOD5/CODcr ratio for CCF over 0.3 began from 90 min and the peak value was 0.38 (appeared at
120–150 min). The BOD5/CODcr ratio kept lower than 0.3 until 210 min. When the BOD5/CODcr ratio
approached to 0.3, the TNCs in effluent was 91 mg/L (CCF, Figure 4A) and 128 mg/L (CF, Figure 4B),
respectively, but the concentration ratio of CODcr to TNCs (COD/TNC) of CCF and CF was 18.92
and 11.71, respectively. We inferred the different reaction process and pathways between CCF and CF
caused the same BOD5/CODcr but different COD/TNC. The minimum efficient hydraulic retention
time (HRT) for CCF and CF was 90 min and 210 min, respectively. The optimum HRT for CCF was
150 min but more than 240 min for CF. The concentration of nitrobenzene compounds (91 mg/L for
CCF and 128 mg/L for CF) in effluent was suitable for the biological treatment process and feasible
as critical value for the pilot-scale test and/or practical engineering application. In addition, 30 min
of extra reaction time was added in the followed test and enhanced the removal rate of TNCs which
guaranteed the BOD5/CODcr ratio over 0.3.

Both the degradation of CODcr and nitrobenzene compounds of CCF and CF were fitted the first
order reaction kinetics. The reaction kinetic equation fitting for the removal of CODcr and nitrobenzene
compounds were respectively shown in Table 1: and the corresponding reaction rate was calculated as
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well. CCF had a higher efficiency both in the removal of CODcr (KCOD = 6.45/min) and the degradation
of TNCs (KNC = 4.15/min) than that of CF (KCOD = 5.52/min and KNC = 2.18/min, respectively).Catalysts 2018, 8, x FOR PEER REVIEW  7 of 21 
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Table 1. Reaction kinetic fitting for the degradation of CODcr and TNCs.

Degradation
of CODcr

Equation: Y(COD cr)=A1−COD×exp
−x

t1COD +Y0(CODcr)

A1−COD t1COD Y0(CODcr) R 2 KCOD
1

CCF 1964.4 mg/L 192.44 min 519.4 mg/L 0.9973 6.45/min
CF 1344.97 mg/L 154.01 min 1147.93 mg/L 0.9777 5.52/min

Degradation
of TNCs

Equation: Y(NC)=A1−NC×exp
−x

t1NC +Y0(NC)

A1−NC t1NC Y0(NC) R 2 KNC
2

CCF 383.27 mg/L 58.32 min 45.13 mg/L 0.9798 4.15/min
CF 341.78 mg/L 99.13 min 89.11 mg/L 0.9913 2.18/min

Note: 1, 2: the reaction rate.

Generally, as compared with CCF and CF applied in the sequence test, CCF performed more
efficient in the degradation of CODcr and TNCs, which benefit for the improvement of biodegradability
(the B/C increased from 0.11 to 0.32–0.38).
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2.3. Results of Backwash Frequency and the Volume Half-Life Test

2.3.1. Result of Backwash Frequency Test for CCF and CF

Two evaluation reactors (filled with CCF and CF, respectively) were operated at aerobic conditions
(aeration intensity was set up to 50 L/min) in sequence operating model. HRT for CCF and CF was
180 min and 270 min, and the he backwash process was not operated until the concentration of
nitrobenzene compounds in the effluent over 91 mg/L and 128 mg/L, respectively. Result of backwash
frequency test was shown in Figure 5. The surface appearance of CCF and CF after/before applied
was shown in Figure 6.Catalysts 2018, 8, x FOR PEER REVIEW  9 of 21 
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As it was shown in Figure 5, concentration of TNCs in effluent from the reactor filled with CCF or
CF appeared a rising trend before or after backwash procedure operated. The backwash procedure not
operated until the repeated times of 24 and 48 for CCF (the effective repeated times was 23) but 14 and
28 for CF (the effective repeated times was 12). The effective time of a single cycle (time of reaction and
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backwash procedure) for CCF and CF was 4160 min (69.3 h) and 3260 min (54.3 h), respectively. CCF
had a longer single cycle running time than that of CF. After the operation of backwash procedure, the
activity of CCF and CF were resumed to the initial competence. Therefore, the backwash procedure
designed as regeneration process was essential and efficient for the application of CCF or CF in practice.Catalysts 2018, 8, x FOR PEER REVIEW  10 of 21 
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From Figures 5 and 6: Before the application of CFF (Figure 6A-b) and CF (Figure 6B-b), Fe/Cu
and Fe/C compounds could be detected from the image, obviously. After the application in a single
cycle, both the Fe/Cu and Fe/C compounds were totally covered by the by-products (FeOOH2 or
Fe(OH)3) [23] generated from the complicated electrochemical reaction of iron, H2O and oxygen.
The increase of TNCs in effluent might be caused as follow steps: firstly, the by-products generated and
partially covered the surface of iron which isolated the oxygen attached to iron, gradually; secondly, the
corrosion of iron was prevented by the covering, and fewer free electrons and radicals were generated,
then the destruction rate of TNCs dropped; CCF and CF were further covered by the by-products
and deactivation appeared on the surface, and concentration of TNCs over the critical value at last.
(Repeated times was 24 for CCF (Figure 5A) and 13 for CF (Figure 5B), respectively).

2.3.2. Result of Volume Half-Life Test for CCF and CF

The operation time of backwash procedure and remaining height of CCF/CF were shown in
Figure 7.

The initial packing volume and height of CCF and CF filled in each evaluation reactor was 50 L
and 500 mm, respectively. As it was shown in Figure 7, when the loss of height for CCF/CF was 20%,
40% and 50%, the backwash operating time was 48.3 h/53.2 h, 85 h/108.3 and 103.6/127.8, respectively.
The backwash operating time and remaining height of CCF/CF approximately fitted linear relation.

As mentioned, the time operated for backwash procedure was 20 min. When the initial volume
reduced to half, repeated times of backwash procedure for CCF and CF were 310.8 and 383.4,
respectively. The effective time of a single cycle (time of reaction and backwash procedure) for
CCF and CF was 4160 min (69.3 h) and 3260 min (54.3 h), respectively. Therefore, the half-life of CCF
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and CF could be calculated by the reduced times and effective time of a single cycle: about 21,538.4 h
(897.4 days) of volume half-life for CCF and 20,818.6 h (867.4 days) for CF, respectively.Catalysts 2018, 8, x FOR PEER REVIEW  11 of 21 
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In general, when the BOD5/CODcr ratio higher than 0.3 and the concentration of TNCs in effluent
was not exceed the critical value as well, the operating conditions for CCF or CF were gathered and
shown as follows: the effective time of a single cycle (time of reaction and backwash procedure) was
69.3 h or 54.3 h, the backwash procedure operated every 69 h or 54 h, and the volume half-life was
897.4 days or 867.4 days, respectively. CCF showed more excellent efficiency in the degradation of
CODcr and TNCs, and in the improvement of biodegradability than that of CF.

2.4. Results of Field Pilot-Scale Test

2.4.1. The Design and Operating Method of the Two-Stage Wastewater Treatment System

The maximum wastewater treatment capacity of the pilot-scale test was 2 m3/d. Because of the
low pH of wastewater, PP (polypropylene) which has excellent corrosion resistance property was
employed as the main material for the manufacture of CBRs and BAFs. The effective HRT for each
CBR and BAF was 180 min (3 h) and 8 h, respectively. The Process Flow Diagram of the two-stage
wastewater treatment system was shown in Figure 8, scene images of the running CBRs and BAFs
were shown in Figure 9, and initial wastewater, the effluent of CBRs and BAFs of 90th day were shown
in Figure 10.

The PFD of wastewater treatment could be divided into three portions:

Part 1: Preliminary treatment portion: the initial wastewater was stored at regulation pool (effective
volume was 2 m3). And at the bottom of the pool, ball valves and vent pipe were designed for
the discharge of sediment and sludge. HCl which stored in the dosing tank was added into the
regulation pool by automatic dosing unit (adjust the pH of initial wastewater lower than 3.00).

Part 2: The catalytic-biological treatment portion: the catalytic treatment process (stage1) and
biological treatment process (stage2), which was considered as the core of the system, both
shown in Figure 9. Wastewater was pump by lifting pump of regulation pool into the bottom
of CBR-1, and the effluent of CBR-1 flow automatically through the outlet pipe and stored in
Reaction sedimentation tank 1, then the lifting pump of CBR-2 pumped the wastewater into
the bottom of CBR-2 and the effluent was stored at Reaction sedimentation tank 2. The same
pathway was implemented in the BAF-1 and BAF-2 treatment process.
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Part 3: Backwash portion: both the CBRs and BAFs are performed the same backwash method which
has been mentioned above. Each CBRs was separately backwash every 3 days. The backwash
procedure for BAFs was not start until the system operated for 50 days, and from 52–90 day
each BAFs was separately backwash every 7 days. In addition, the lifting pump was applied
as backwash pump at backwash process.
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Site commissioning and operation of the test divided into three portions:

1. 1st day to 30th day, quantity of influent was 2 m3 per day (Q = 2 m3/d) and no other preliminary
process operated except for regulation of pH.

2. 31th day to 60th day, PAM was extra added into the regulation pool for the removal of the
suspended solid (SS). And the quantity of influent was improved to 2.5 m3/d in order to verify
the resistance of the system.

3. 61th day to 90th day, the quantity of influent was 2 m3 per day (Q = 2 m3/d) in order to verify
the resumption performance of the system. The scene images of effluent at 90th day were shown
in Figure 10.

2.4.2. The TNCs and CODcr Removal by System

The results for the removal of TNCs and CODcr by the system were shown in Figures 11
and 12, respectively.
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As shown in Figure 11: the concentration of nitrobenzene compounds existed in the initial wastewater
ranged from 156.25 mg/L to 437.5 mg/L (mean concentration was 312 mg/L). Concentrations of
nitrobenzene compounds in effluent of CBR-1 had a slight upward tendency before 42nd day (from
15.6 mg/L to 140 mg/L), then kept small fluctuation stability ranged from 42nd day to 90th 42–90.
For CBR-2, the concentration of nitrobenzene compounds in effluent stayed lower than 31.25 mg/L.
The average removal rate of nitrobenzene compounds in CBRs was higher than 90% which showed
obviously dependability in dispose the nitro-group compounds.

As shown in Figure 12, combined with the site commissioning and operation situation:
1© The removal of CODcr kept excellent stability in CBR-1 when the quantity of influent and SS

changed (which was removed by PAM from 31st day to 90th day); And the removal of CODcr was
slightly affected by the quantity of influent in CBR-2.

2© For the BAFs, the removal of CODcr was obviously affected by the quantity of influent. And
the removal rate of CODcr of BAFs was 20–30% from 31st day to 60th day (the average volume load of
biological process was 1.875 kg m−3 d−1), but 65–75% at 1st day to 30th day 30 and 61st day to 90th
day (the average volume load of biological process was 1.5 kg m−3 d−1). Compared with our previous
studies [24] (CF and lab-scale produced CCF were utilized as pretreatment for the TNT wastewater
treatment): when the effective HRT of two BAFs were 16 h and the BOD/CODcr was over 0.3 after the
catalytic process, the CODcr and total nitrobenzene compound in comprehensive wastewater were
more difficult to be removed than TNT wastewater (only the tri-nitrobenzene compounds existed).
This probably attributed to the lower growth velocity of biomass and content of biomass for BAFs
which operated in extreme conditions. And it can be further inferred that the membrane biological
reactor (MBR), which had longer sludge retention time and higher content of biomass, would be more
suitable as the biological process stage for the nitrobenzene compounds wastewater treatment during
the application of practical project.

To sum up, the backwash process enabled the EBRs had anti-clogging ability and Fe/Cu ceramic-catalyst
showed excellent influent impact resistance and nitro-group compounds impact resistance. BAFs
showed high removal rate of CODcr with the average volume load was 1.5 kg m−3 d−1.

3. Materials and Methods

3.1. Pilot-Scale Production and Basic Property Test of Fe/Cu Catalytic-Ceramic-Filler

3.1.1. Raw Materials

Iron powder and Kaolin powder (Al2O3·2SiO2·2H2O) were purchased from Zibo city (Shandong
province, China) and crushed in a ball mill and dried at 110 ◦C, respectively. PAM (polyacrylamide),
NaHCO3 and CuSO4·5H2O were obtained from Alfa-Aesar. Commercial Fe/C ceramic-filler (CF,
employed as comparison materials) and commercial lightweight-ceramic-filler (LCF, applied as filler
for BAFs in pilot-scale test) which had been frequently utilized in our previous studies [24–26] were
shown in Table 2.

Table 2. Commercial Fe-C ceramic filler (CF) and commercial lightweight ceramic filler (LCF).

Materials BD 4/kg m−3 GD 5/kg m−3 24 WA 6/% NTP 7/Mpa ARSC 8/% Diameter/mmIron/% Carbon %

CF 1085 1548 3.8 4.2 92.5% 4–6 26.5% 5.2%
LCF 981 1238 3.2 8.6 100% 3–6 ~ ~

Note: 4~6-BD, GD and 24 WA were the bulk density, grain density and 24 water absorption. 7 numerical tube
pressure, 8-acid-resistance softening co-efficiency.

3.1.2. Pilot-Scale Production Process Flow of Fe/Cu Catalytic-Ceramic-Filler

Fe/Cu catalytic-ceramic-filler (CCF) was prepared by six steps. (1) Prepare the raw material
mixture: Iron powder and Kaolin powder were mixed in different mass ratios, then about 1% of
NaHCO3 was added; (2) Prepare the binder: 2% CuSO4·5H2O was dissolved in PAM solution
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(1000 mg/L); (3) Mix the ceramic powder and the binder by 10:1 (w/w); (4) Pour the mixture into a
pelletizer to produce pellets, then we got raw pellets (the diameters were 4.0 mm to 5.0 mm); (5) The
raw pellets were dried in dry oven under N2 circumstance for 24 h; (6) the raw pellets were heated in a
muffle with N2 at 600 ◦C for 1.0 h, then the sintered pellets were sealed in a steel drum cool down to
room temperature.

3.1.3. Basic Property Test of CCF/CF

ρbd =
Mc

Vbd
kg ·m−3 (8)

ρgd =
Mc

Vcd
kg ·m−3 (9)

α24h =
Mc+w −Mc

Mc
× 100% (10)

ηes =
Vrcd−Vcd

Vrcd
× 100% (11)

The physical properties of CCF or CF were calculated by the formulas above. Pbd stands for the
bulk density; ρgd stands for the grain density; α24 h is the water absorption in 24 h; ηes is the shrinking
rate; Mc stands for the mass of dry ceramic bodies; Mc+w is the 24 h saturated mass of ceramic bodies;
Vbd stands for the accumulation volume; Vcd is the real volume; Vrcd stands for the real volume of
raw pellets.

Numerical tube pressure and acid-resistance softening co-efficiency test were proceeded according
to GB/T17431-1998 [21]. Firstly, 20 L of CCF was random sampled and divided into group A and B.
After dried at 110 ◦C, CCF in group A was filled into a stainless steel tank and flatted (the effective
volume/height were 1 L/100 mm, respectively). Secondly, completely covered the stainless steel tank,
and pressure was exerted (with accelerated pressure was 0.01 Mpa.s−2) from the top of the stainless
steel tank until the pressed depth was 20 mm. The final pressure was the numerical tube pressure of
CCF. CCF in group B was settled in 0.1 mol/L of hydrochloric acid for 24 h then dried at 110 ◦C and
tested the numerical tube pressure. Ratios of numerical tube pressure of CCF in group B to that of
group A was acid-resistance softening co-efficiency for CCF. According to CCF, the numerical tube
pressure and acid-resistance softening co-efficiency of CF were tested as well.

3.2. Performance Test of CCF/CF

3.2.1. Half-Life and Effectiveness Evaluation Reactor and Wastewater

Half-life and Effectiveness evaluation reactor, which reference for fixed bed reactor widely
utilized in practical engineering, was designed and self-prepared (Figure 13). The total volume
and height of reactor was 100 Land 1000 mm, respectively. And the equipment was made of PP
(polypropylene) material and automatic controlled by PLC (Programmable Logic Controller, Siemens
300, Beijing, China.

Nitrobenzene compounds wastewater for the performance test was obtained from a comprehensive
military special-chemicals factory (Liaoning Provence, China) which the main products were civil and
military explosive (2,4,6-trinitrotoluene-TNT), dye and pharmaceutical nitrobenzene-intermediates.
The components of total nitrobenzene compounds (TNCs)in comprehensive wastewater were
mono-nitrobenzene/di-nitrobenzene groups and tri-nitrobenzene groups. The main features of
wastewater are shown in Table 3.

Concentrations of mono-nitrobenzene and di-nitrobenzene compounds were tested by
reduction-azo spectrophotometric method, and tri-nitrobenzene compounds in wastewater were tested
by n-cetyl pridinium chloride- sodium sulfite spectrophotometric method, respectively [19]. The TNCs
were calculated by the concentrations of mono-nitrobenzene, di-nitrobenzene and tri-nitrobenzene.
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Table 3. Characteristics of nitrobenzene compounds wastewater.

Materials CODcr/
mg·L−1

BOD5/
mg·L−1

Biodegradability BOD5/
CODcr

mono-NCs/
di-NCs 1/mg·L−1

tri-NCs 2/
mg·L−1

TNCs 3/
mg·L−1 pH

Wastewater 2460 270 0.11 297 123 420 2.2

Note: 1-mono-nitrobenzene/di-nitrobenzene compounds, 2-tri-nitrobenzene compounds, 3-total nitrobenzene
compounds.

3.2.2. The Sequence Wastewater Treatment Test of CCF and CF

50 L of CCF/CF was soaked in the nitrobenzene compounds wastewater for 24 h to avoid the
adsorption factor, respectively. Then the CCF/CF were separately added into the evaluation reactor
shown in Figure 13. After that, the nitrobenzene compounds wastewater was poured into the unit,
the test was operated in aerobic condition (50 L/min) and anaerobic condition, respectively [18].
The optimum operating conditions of CCF and CF were gathered from the test of TNCs, CODcr and
BOD5, respectively.

3.2.3. The Backwash Frequency and the Volume Half-Life Test of CCF and CF

The backwash frequency test: the evaluation reactor was operated with CCF (CF) and nitrobenzene
compounds wastewater. The backwash procedure was not operated until the BOD5/CODcr ≤ 0.3. The
initial surface appearance of CCF and CF were examined by scanning electron microscopy (Sirion200,
Au coated, Fei, Beijing, China), respectively. And both the images of CCF and CF before the backwash
procedure were examined as well.

Air-water combination backwash method which reference to the practical engineering was utilized
for the backwash procedure of CCF or CF: firstly, air backwash was set for 5 min (Air backwash intensity
was 15 L m−2 s−1); then air and water combination backwash 5 min (Air and water backwash intensity
was 15 L m−2 s−1 and 5 m−2 s−1, respectively); finally, water backwash last for 5 min (water backwash
intensity was 10 m−2 s−1). The air, air-water and water backwash combined as a complete backwash
cycle, and the time of a cycle was 20 min (4 cycles per hour). The backwash process was controlled by
PLC (Siemens 300).

The volume half-life test: Evaluation reactors (CCF and CF were filled, respectively) were operated
at in air, air-water and water backwash procedure model. The volume and height of both CCF and CF
were 50 L and 500 mm, respectively. Each volume half-life test for CCF and CF test was conducted in
five replicates.
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3.3. The Field Pilot-Scale Test

For the feasibility of CCF utilized in practical project, a 90 days of field pilot-scale test which
formed by two-stage catalytic-biological system was designed and performed in the military chemical
factory comprehensive wastewater treatment. The catalytic portion of the system was designed
according to the result of performance test, and biological portion reference to our previous studies [24].
CBR-1 and CBR-2, both filled with CCF, was connected in series as the catalytic portion; BAF-1
(biological aerated filter) and BAF-2, both filled with LCC, was connected in series as the biological
portion. In addition, the backwash procedure for CBRs and BAFs were all controlled by PLC
(Siemens 300).

4. Conclusions

The addition of iron was 25% with the copper plating rate was 1% were benefit for the pilot-scale
production of CCF. The characteristics of optimum CCF were: 1150 kg/m3 of bulk density, 1700 kg/m3

of grain density, lower than 3.5% of shrinking ratio, 3.5% of 24 h water absorption, 6.0 Mpa of numerical
tube pressure and 0.99 acid-resistance softening co-efficiency.

When the BOD5/CODcr ratio higher than 0.3 and the concentration of TNCs in effluent was
not exceed the critical value as well, the operating conditions for CCF or CF were: the effective time
of a single cycle was 69.3 h or 54.3 h, the backwash procedure operated every 69 h or 54 h, and the
volume half-life was 897.4 days or 867.4 days, respectively. Both the removal of CODcr and TNCs
fitted the first order reaction kinetics for CCF and CF. Compared with CCF and CF, CCF showed better
performances and more efficiency applied in the improvement of the biodegradability.

From the pilot-scale test: the CBRs had excellent influent impact resistance and total nitro-group
compounds impact resistance. BAFs showed high stability at the average volume load was
1.5 kg m−3 d−1. As a prediction, MBR might be better than BAFs in practical engineering application.
Our study offers a new solution to the highly toxic organic wastewater treatment. The catalysts are
easy to be manufactured. The application condition in industrial area has been mature. It is hopeful
that we could get more achievements in the industrial wastewater treatment.
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